Alcohol-attributable burden on global health is increasing, and the relationship between population alcohol consumption and liver-related deaths is strong. Longstanding scientific and clinical work has led to a relatively thorough, if not complete, understanding of the effects of alcohol consumption on the liver. Pathologic features of alcoholic liver disease (ALD) are recognized by pathologists and used to assist clinicians in diagnosing and determining severity of disease in patients suspected of ALD. In this review, we discuss the pathologic manifestations of ALD and provide salient points on their pathophysiology. In addition, the benefits and indications of liver biopsy and important differential diagnoses, including features distinguishing these entities, are reviewed.
Introduction
There is a strong relationship between population alcohol consumption and liver-related deaths. In 2010, nearly 50% of the world's population consumed alcohol in some form. During that year more than one million deaths worldwide were attributed to liver cirrhosis, and 47.9% of those were caused by chronic alcohol use. 1 As a pathologic entity, alcoholic liver disease (ALD) can be defined as the manifold gross and microscopic manifestations of regular alcohol consumption on the liver. ALD is recognized as a progressive disease that worsens with chronic alcohol intake. Likewise, the pathological effects comprise a wide spectrum: from the banal and reversible steatosis to the severe and irreversible cirrhosis. The natural consequence of such phenotypic heterogeneity within a disease process is the presentation of certain pathologic features that are more specific for ALD (i.e. Central Hyaline Sclerosis) than others (i.e. steatosis). The role of the pathologist is to assimilate the diverse morphologic data from a given liver biopsy and to clearly determine progression of the disease and, if possible, its etiology.
Specifically, the role of liver biopsy in ALD is 1) to corroborate clinical findings in establishing diagnosis and 2) to estimate disease severity using semi-quantitative tools of disease grade and stage.
The objective of this review is to survey the gross and microscopic features of ALD and, in doing so, to provide clinicians with a reference for the interpretation of liver biopsy pathology reports. Additionally, we review the benefits and limitations of obtaining a liver biopsy and provide a preliminary set of indications for this clinical test.
Major pathologic features of ALD

Steatosis
Steatosis is the abnormal accumulation of mono-/di-/triglycerides and fatty acids in hepatocytes in the form of lipid droplets. 2 In normal lipid metabolism, plasma free fatty acids (FFA)-unbound or attached to lipoprotein particles-are shuttled to the liver and either oxidized for fuel at the hepatocyte mitochondrion or stored as triglycerides. Triglycerides are exported as VLDL particles or organized into lipid droplets and kept indefinitely within the hepatocyte. Sufficient accumulation of lipid droplets leads directly to hepatocellular damage. An increase in plasma FFA concentration is seen in non-alcohol and alcohol-induced steatosis and is a likely contributing mechanism to pathologic liver fat accumulation. 3 In addition, alcohol-induced steatosis stimulates a series of pathophysiologic disturbances. The oxidation of ethanol, for example, reduces nicotinamide adenine dinucleotide (NADH), which suppresses the oxidative mechanism of the mitochondria. Ethanol has also been shown, primarily in cell culture and animal models, to stimulate hepatic lipogenesis via activation of transcription factors such as sterol response element binding proteins (SREBP's), which regulate the expression of genes involved in lipid biosynthesis. 4 Steatosis is the earliest and most common finding in ALD and is reversed upon cessation of alcohol consumption. 5 It is estimated that normal liver parenchyma consists of up to 5% lipids. Therefore, by convention, a hepatic lipid deposition greater than 5% is considered pathologic. zone 3 (perivenular/centrilobular) and extends outwards with increasing severity. 7 Steatosis can be classified into microvesicular (small-droplet) or macrovesicular (large-droplet) types. Of the two, microvesicular steatosis is less prevalent and is characterized by hepatocytes with centrally placed nuclei and small vesicular fat droplets located circumferentially around the nucleus. Macrovesicular steatosis is characterized by hepatocytes that contain nuclei displaced to one side of the cell by the large fat droplets (Fig. 1A) . Rupture of fat-laden hepatocytes can give rise to the appearance of lipogranulomas-microscopic foci of inflammation around fat droplets (Fig. 1B) . These typically are seen singly and are often dispersed throughout the parenchyma. Chronic inflammatory cells may be seen scattered within the lobules, but they should not be present in significant density due to steatosis alone. In general, these characteristics make steatosis a readily identifiable pattern, but they are highly non-specific as there are no features of ethanol-induced steatosis that can help distinguish it from non-alcoholic fatty liver disease (NAFLD).
Classically, steatosis is considered a risk factor for disease progression to steatohepatitis and other more serious complications of liver disease (cirrhosis, hepatocellular carcinoma). However, studies involving both humans and animal models have demonstrated that steatosis may progress directly to fibrosis or cirrhosis without the characteristic inflammatory changes of steatohepatitis. 2 For this reason, pathologists should examine even purely steatotic livers for the presence/degree of fibrosis. This will lead to a more comprehensive assessment of a patient's particular risk for progression to cirrhosis and its sequelae.
Steatohepatitis
Steatohepatitis is a histologic pattern that can be seen in chronic ethanol users. It is characterized by a set of diagnostic features, which may present in different stages of severity. 8 Diagnostic features of steatohepatitis are parenchymal inflammation, hepatocyte damage, and fibrosis. This histologic pattern can be caused by the direct effect of alcohol (ASH) or multiple non-alcohol related etiologies (nonalcoholic steatohepatitis, NASH). In general, these changes are seen in a perivenular distribution in the earliest form of the disease, and they extend throughout the lobules as the disease progresses. Despite similarities in nomenclature, the ASH histopathologic diagnosis can be seen in the chronic alcoholic with or without the acute clinical syndrome termed alcoholic hepatitis. In other words, ASH is not synonymous with alcoholic hepatitis, but patients with alcoholic hepatitis typically have ASH. 9 Inflammation in ASH has a varying amount of lobular involvement, with no specific zonal distribution. It is typically neutrophil-rich (Fig. 1C) , 8 although rarely it involves chronic inflammatory cells such as lymphocytes. Satellitosis can be present and appears as inflammatory cells encircling damaged hepatocytes. 10 Neutrophilic infiltration has been attributed to the increase of chemokines, such as IL-8 and IL-17, in both the serum and the liver parenchyma. 11, 12 It has been hypothesized that their function is to clear the liver of dying hepatocytes, and the baseline phagocytic function of these neutrophils has been reported to be decreased in human alcoholic patients. 13 This could explain in part why infection is a major cause of mortality among patients with alcoholic hepatitis.
There are multiple morphologic manifestations of hepatocyte damage in ASH. Mallory-Denk bodies (also known as Mallory's hyaline, alcoholic hyaline, or Mallory bodies) are another classic, albeit non-specific finding, of alcoholic steatohepatitis. The presence of Mallory-Denk bodies reflects intracellular oxidative stress and can signal other liver pathology, including non-alcoholic steatohepatitis; Wilson disease; cholestatic conditions such as primary biliary cirrhosis; or exposure to certain drugs (such as amiodarone). They are characterized by ropy eosinophilic material within the hepatocyte cytoplasm (Fig. 1D) , which is composed of misfolded and cross-linked cytokeratins 8 and 18 (CK8/18) 14 as well as the ubiquitination-proteasome proteins ubiquitin, p62, heat-shock proteins (HSPs) 70 and 25, and other peptides. Immunohistochemical staining with CK8/18, ubiquitin, or p62 antibodies is useful for the identification of inconspicuous Mallory-Denk bodies. 10 Of note, both CK8 and CK18 are able to bind to the TNF receptor 2 (TNFR2), thereby influencing TNF-a-induced activation of apoptosis and neutrophilic inflammation through NF-kB activation. 15 Thus, the accumulation of Mallory-Denk bodies may not simply be a byproduct of hepatocellular toxic damage but may also contribute to the perpetuation or advancement of inflammatory injury. 16 Another invariably present finding that reflects cellular damage is hepatocyte ''ballooning''. Ballooned hepatocytes appear swollen or enlarged, with an intracytoplasmic rarefied ''stringy'' or ''wispy'' appearance (Fig. 1E ). In contrast to steatotic hepatocytes, which have an entirely clear cytoplasm, ballooned cells have some wispy cytoplasmic content remaining. Apoptotic cells (also termed-apoptotic bodies or acidophilic bodies) are small hepatocytic cellular remnants with hyperchromatic condensed nuclei and a dense eosinophilic rim. They are often scattered in areas affected by inflammation. Apoptotic cells, ballooning hepatocytes, and Mallory-Denk bodies represent the hallmarks of hepatocyte damage in ASH.
The pattern of fibrosis in early ASH is often, although not exclusively, centrilobular. The presence of centrilobular/ perivenular fibrosis confers an increased risk for progression to cirrhosis. 10, 17 Hepatic stellate cells (previously Ito cells) under normal conditions have lipid-storing function and are responsible for producing the majority of intercellular collagen (fibrosis). This occurs following hepatic stellate cell activation by inflammation and hepatocyte damage (Fig. 3) .
Activation of stellate cells leads to increase cell size and proliferation. These cells also gain the ability to destroy normal intercellular matrix and replace it with dense basement membrane-like collagen. Additionally, they increase the production of inflammatory cytokines, attracting more inflammatory cells and causing increased hepatocyte damage via a positive feedback mechanism. 18 Light microscopic evidence of this process appears as dense collagen due to fibrosis. In particular, the process of fibrosis typically proceeds in a perisinusoidal and pericellular fashion, creating a distinctive ''chicken-wire'' pattern 10 more easily seen with collagen stains such as trichrome or reticulin (Fig. 1F) . These stains are particularly useful when pale hematoxylin and eosin (H&E) stained sections make identification of collagen difficult.
In ASH, portal tracts may show small collections of lymphocytes, but portal tract findings should not be the most conspicuous feature of the biopsy. If larger, denser, and more frequent collections are seen, then other chronic hepatitides should be considered as the primary or concomitant pathology. ALD is strongly associated with other chronic hepatic diseases epidemiologically, especially hepatitis B and C. 19, 20 Comorbid hepatic diseases are common enough to warrant significant consideration each time a slide is examined.
Steatofibrosis-cirrhosis
There are multiple interplaying factors that contribute to the development of diffuse fibrosis-cirrhosis in ALD. Broadly, alcohol-induced hepatocyte damage leads to hepatic stellate cell activation. As discussed previously, activated stellate cells develop a myofibroblastic phenotype and the capacity to lay down basement-membrane like collagen. 21 Thick collagen strands can be seen around the central vein as well as coursing through the hepatic lobules in a perisinusoidal and pericellular fashion, inhibiting diffusion of key nutrients to and from the hepatocytes and sinusoidal blood. This leads to starvation and focal atrophy of nearby hepatocytes. This, in turn, leads to an increase in scarring and thickening of the fibrous septa over time. Simultaneously, as a response to hepatic injury, there will be other areas of hepatocyte regeneration. The visible result of this interplay between fibrosis, hepatocyte atrophy, and focal regeneration is the appearance of cirrhotic nodules. These nodules can be classified as micronodular or macronodular depending on their size (larger or smaller than 3 mm). Grossly, a liver that was once steatotic (enlarged and yellow/ brown in color) becomes cirrhotic (shrunken-often ,1 kgbrown, firm, and nodular).
Although more likely to develop from ASH, fibrosis may also develop in the purely steatotic liver. 16, 22 In this scenario, fibrosis is the direct result of the injurious effects of alcohol, rather than secondary inflammation. This process typically takes longer than the more aggressive natural history of ASHinduced fibrosis. A separate and equally important point is that a cirrhotic liver may lose all of its fat content in the process of fibrosis. This increases the difficulty of determining etiology in an end stage liver.
Other pathologic findings of ALD
Cholestasis
Histologic cholestasis is more often seen in ASH than NASH and can be a key feature when distinguishing between these entities. Microscopically ( Fig. 2A) , cholestasis can take the form of inspissated bile-within canaliculi or intra-hepatocyte-termed bile ''plugs'' or ''thrombi.'' Another feature of cholestasis is bile ductular proliferation. Also known as ductular reaction, this histologic feature is composed of an increase in bile ductular profiles within fibrotic portal tracts or along the fibrous septa of bridging fibrosis or cirrhosis. It is frequently accompanied by neutrophils. 23 Cholestasis can be seen in all stages (steatosis, ASH, or cirrhosis) of ALD and ranges in severity. Its presence microscopically has been associated with worse prognosis in patients with clinical alcoholic hepatitis 24 and histologic ASH. 25 
Alcoholic foamy degeneration
Alcoholic foamy degeneration, originally described by Uchida et al in 1983, is an uncommon pattern of microvesicular steatosis (Fig. 2B ), which has been described as classically centrilobular 26 and at times diffuse. 7 Clinically, the patient may present with acute hepatotoxicity and markedly elevated serum gamma-glutamyl transaminase levels, with or without elevation of the transaminases. 26 The pathogenesis is related to mitochondrial dysfunction, and an identical histologic pattern can be seen in Reye's syndrome, tetracycline toxicity, and fatty liver of pregnancy.
7,26
Megamitochondria
Megamitochondria represent eosinophilic sphere-like intracytoplasmic forms of this organelle on H&E staining (Fig. 2C) . 27 While not specific for ALD, they provide a diagnostic clue, particularly when found in the center of the lobule. Their presence is related to the amount of daily ethanol use and to the length of abstinence before the time of biopsy. 28 
Perivenular fibrosis-central hyaline sclerosis
The criteria for the interpretation of perivenular fibrosis include extending at least two-thirds the perimeter of the terminal hepatic venule with the fibrous rim measuring over 4 mm in thickness. 17, 29 In its extreme form, perivenular fibrosis can cause the necrosis of adjacent hepatocytes and fibrous thickening and obliteration of the central Fig. 2 . Hepatic Stellate Cell (HSC) activation. Both alcohol and inflammation damage the liver and induce stellate cell activation. Apart from a phenotypic enlargement of the cell and nucleus, the stellate cells gain the capacity to degrade normal intercellular matrix and replace it with fibrous tissue (collagen). Additionally, they are able to proliferate and migrate to areas of injury, as well as attract more inflammatory cells, leading to further liver damage and HSC activation. ROS-reactive oxygen species; PDGF-platelet-derived growth factor; MCP-1-monocyte chemotactic protein-1; TGF-b1-Transforming growth factor beta 1; TIMP-1-tissue inhibitors of metalloproteinase-1.
venule-referred to as central hyaline sclerosis (Fig. 2D) . 30 When diffuse, this unique lesion may cause pre-cirrhotic portal hypertension. 31 
Siderosis
An iron stain (i.e. Prussian blue) reveals an increase in parenchymal iron in later stage ALD, particularly within Kupffer cells. Alcohol increases iron absorption in the gut. Significant siderosis, including significant iron staining within hepatocytes, should prompt consideration of a concurrent process such as hereditary hemochromatosis.
Grading and staging of ALD
As we have sought to demonstrate, there are many variables to scrutinize in the analysis of any liver biopsy. Consequently, a system that would standardize the scoring of these variables in concert for the purpose of disease staging and prognostication would be welcome. In the absence of a consensus method for semi-quantitative scoring of ALD severity, many pathologists have adopted the system proposed originally by Brunt et al. 32 for use in NASH. In this system, the severity of parenchymal necroinflammatory activity is reflected by the grade of the lesion. Grade has been shown to correlate with patient AST and ALD levels. 32 Mild activity (grade 1) represents steatosis involving up to 66% of lobules and mild steatohepatitis, while severe grade 3 represents panlobular steatosis and florid steatohepatitis. The severity of architectural distortions (fibrosis) is reflected by increasing stage. Stage 1 represents pericellular fibrosis (focal or extensive), while the higher stages 3 and 4 represent bridging fibrosis and cirrhosis, respectively. Biopsy is required for the diagnosis of histologic ALD or ASH. In terms of staging fibrosis, novel non-invasive imaging and serum marker tests have been developed that correlate well with biopsy results.
18,33
Pathologic differential diagnosis
The differential diagnoses of pathologic ALD depend on the specific parenchymal changes seen. For example, alcoholinduced macrovesicular steatosis is indistinguishable from the steatosis seen in the metabolic syndrome. The presence of microvesicular steatosis, which is less common and due to mitochondrial oxidative stress, raises a differential diagnosis which includes fatty liver of pregnancy, Reye's syndrome, and the effect of anti-retroviral therapies in AIDS patients. Clinical history and other relevant clinical data are essential in differentiating the causes of these similar patterns.
In the case of steatohepatitis, the most important differential diagnosis is NASH, itself an etiologically diverse entity. Besides clinical history, which may or may not be useful in distinguishing between these two frequent diseases, there are clues in the biopsy tissue that may suggest one etiology over the other. For example, in ASH, necroinflammation is generally more prominent; meaning that there are more widespread neutrophilic infiltration, lipogranulomas, central hyaline sclerosis, and significantly increased density of Mallory-Denk bodies. Although the presence of MalloryDenk bodies in general is largely non-specific, a biopsy with a high enough density of these may be considered ASH until proven otherwise. Cholestasis is another feature that is more commonly present in ASH than NASH and may be used as a diagnostic clue. It is important to remember that a definitive diagnosis can only be made following acquisition of a thorough clinical history. 34 Also, it is not uncommon that a patient may share these diseases, with morphologic overlap making their distinction nearly impossible. Indication for liver biopsy in the setting of ALD With the advent of new technologies and other methods that allow for non-invasive evaluation of liver parenchyma, 35 it is useful to critically review the role of liver biopsy in the setting of ALD. There are no precise indications for the use of this study, and this remains a source of active discussion. 36 For example, some argue that liver biopsy is a diagnostic aid and not necessary in establishing the diagnosis or determining the prognosis of alcoholic hepatitis. Furthermore, they believe how much weight to put on the biopsy depends on the acuity of the clinical situation and the turn-around time of the particular histology lab. 9, 36, 37 Others argue that biopsy, in addition to the correct clinical context, is a key component of the diagnostic gold standard of alcoholic hepatitis. 38 As part of their recently published clinical practical guidelines, the European Association for the Study of the Liver (EASL) acknowledged the lack of precise indications for biopsy in routine practice but advocated for its application in the following three specific scenarios: in patients with severe steatohepatitis to confirm diagnosis for initiation of treatment with corticosteroids and/or pentoxyphylline; in patients with other cofactors which may contribute to liver disease (in order to determine the relative contribution of each); and in clinical trials in order to follow patients' progress. 39 Liver biopsy is not only diagnostic but also provides important long-term and treatment-related prognostic indicators. In our review of the literature, we found numerous scattered reports of proposed prognostic markers of biopsy, many of which are not validated and/or do not routinely show up on a pathology report. For example, a diagnosis of ASH or cirrhosis increases mortality by over 50% relative to fatty liver alone. 40 Likewise, the amount of parenchymal neutrophilic infiltrate has been positively correlated with clinical response to corticosteroids. 41 Notably, the liver biopsy should always be reserved for patients for whom the risk of hemorrhage is low; and the transjugular approach is favored in patients with hepatic coagulopathy.
Conclusions
Liver biopsy plays an important role in the real-time clinical assessment of patients. Tissue histology not only yields diagnostic information but also important information about the patient's overall disease progression. Clear and open communication between the pathologist and the treating clinician is key to successfully work through the oftentimes complex clinico-pathological data and to arrive at the best decisions (from microscope-to-bedside) for a given patient.
From steatosis to steatohepatitis and from Mallory bodies to megamitochondria-the morphologic heterogeneity of ALD is as varied as it is difficult to manage. It is only after decades of investigation by laboratory scientists and clinical physicians alike that the mechanisms of disease and the associations between microscopic morphology and clinical syndromes have started to come into focus. However, much work is left to be done. Future studies may take advantage of emerging molecular/genomic technologies in order to elucidate the clinically important markers of this disease. 42 With time, better understanding should lead to better clinical outcomes.
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